The ratites have stimulated much debate as to how such large £ightless birds came to be distributed across the southern continents, and whether they are a monophyletic group or are composed of unrelated lineages that independently lost the power of £ight. Hypotheses regarding the relationships among taxa di¡er for morphological and molecular data sets, thus hindering attempts to test whether plate tectonic events can explain ratite biogeography. Here, we present the complete mitochondrial DNA genomes of two extinct moas from New Zealand, along with those of ¢ve extant ratites (the lesser rhea, the ostrich, the great spotted kiwi, the emu and the southern cassowary) and two tinamous from di¡erent genera. The non-stationary base composition in these sequences violates the assumptions of most tree-building methods. When this bias is corrected using neighbour-joining with log-determinant distances and nonhomogeneous maximum likelihood, the ratites are found to be monophyletic, with moas basal, as in morphological trees. The avian sequences also violate a molecular clock, so we applied a non-parametric rate smoothing algorithm, which minimizes ancestor^descendant local rate changes, to date nodes in the tree. Using this method, most of the major ratite lineages ¢t the vicariance biogeography hypothesis, the exceptions being the ostrich and the kiwi, which require dispersal to explain their present distribution.
INTRODUCTION
In the last three decades, studies based on morphology, immunological distances, chromosome banding and protein and DNA sequencing have indicated that the ratites are monophyletic (Cracraft 1974; Prager et al. 1976; De Boer 1980; Sibley & Ahlquist 1981 Stapel et al. 1984; Bledsoe 1988; Cooper et al. 1992; Casper et al. 1994; Cooper 1997; Lee et al. 1997; Van Tuinen et al. 1998) and that the tinamous of South America are their sister group. However, the branching order of the major ratite lineages in some of these trees has cast doubt on the role of plate tectonic events as an exclusive explanation for their current distributions because the divergences of some taxa seem to be too recent to ¢t with the break-up of Gondwanaland (Cooper et al. 1992; Cooper 1997; Van Tuinen et al. 1998; HÌrlid et al. 1998) . Dispersal of these taxa between disjunct landmasses implies not only that ratites are descended from £ying ancestors (Houde 1986) but also that loss of £ight occurred several times. Ultimately, the resolution of these key issues in avian evolution depends upon the construction of a wellsupported phylogeny for ratites and related taxa, and on the reliable dating of divergences.
The application of the polymerase chain reaction (PCR) has made it possible to retrieve DNA sequences from both extant and extinct ratite taxa and, thus, to construct comprehensive molecular phylogenies that can, in principle, be dated using molecular clocks. However, the promise of DNA sequences in resolving the phylogenetic relationships between the ratites has not yet been fully realized because di¡erent tree construction methods and di¡erent data partitions of mitochondrial DNA (mtDNA) sequences have produced a variety of tree topologies. For example, a molecular tree constructed from 5 kilobases (kb) of mitochondrial protein-coding and rRNA sequences placed the rheas basal among the ratites (Lee et al. 1997) , whereas another tree based on just the rRNA partition found strong support for the ostrich as the basal taxon (Van Tuinen et al. 1998) .
Further uncertainty about the use of DNA-based trees has come from the incongruence between these trees and a classical morphological phylogeny (Cracraft 1974; Lee et al. 1997) in which the kiwis and moas of New Zealand are basal sister groups to all other ratites. Although these di¡erences have been attributed to the incorrect rooting of the molecular tree, another hypothesis of relationships based on morphological characters placed the kiwis in a more derived Australasian clade, as in the molecular trees, and separated the moas as the basal ratite lineage (Bledsoe 1988) . Although this phylogeny has been criticized for the choice and polarization of characters it employs (Lee et al. 1997) , it mirrors the major clades found in molecular phylogenies, and invites further testing with complete mtDNA sequences and denser taxon sampling.
The recently extinct moas of New Zealand are pivotal in distinguishing between competing hypotheses of phylogenetic relationships constructed from molecular and morphological characters. The only published study of ratites that included DNA sequences from the extinct moas of New Zealand employed 390 base pairs (bp) of mtDNA from the 12S rRNA gene (Cooper et al. 1992) . This tree placed the rheas basal among ratites, with the moas branching o¡ next. However, the stochastic error is likely to be appreciable in such short sequences and much larger amounts of sequence data are required to obtain robust estimates of relationships between major ratite lineages that may have diverged prior to or during the fragmentation of Gondwanaland (Cracraft 1973 (Cracraft , 1974 Van Tuinen et al. 1998) .
To help to resolve the phylogenetic relationships among the ratites and to date their divergences, we sequenced the complete mtDNA genomes of seven ratites and two tinamous, and analysed them along with other published genomes. Complete mtDNA genomes have been used successfully to infer phylogenetic relationships at the ordinal and class levels (Ä rnason & Johnsson 1992; Cao et al. 1994; Russo et al. 1996; Nikaido et al. 2000) and have been shown to recover model trees more accurately than shorter sequences (Cummings et al. 1995; Nei et al. 1998) . Genomic sequences also provide an opportunity to examine the e¤cacy of di¡erent data partitions such as protein-coding rRNA and tRNA genes in recovering well-supported trees. The inclusion of moas, along with increased taxon sampling of ratites, allows a more thorough examination of whether the apparent con£icts in the previously proposed trees arise simply from incorrect rooting or from inadequate phylogenetic signals in previous sequence data sets.
METHODS
Complete mtDNA genomes were obtained for the ostrich (Struthio camelus), emu (Dromaius novaehollandiae), southern cassowary (Casuarius casuarius), lesser rhea (Pterocnemia pennata), great sp otted kiwi (Apteryx haasti), two extinct sp ecies of moas (Anomalopteryx didiformis and Emeus crassus), the elegant crested tinamou (Eudromia elegans) and the great tinamou (Tinamus major). DNA of extant sp ecies was isolated from solid tissues, except in the case of the great spotted kiwi (blood) and southern cassowary (feather), using standard methods (Sambrook et al. 1989) . DNA of the moas was extracted and ampli¢ed from bones according to the stringent protocol of Hagelberg (1994) . All moa-DNA extractions were p erformed in a separate room reserved for this purp ose.
Segments of the extant-ratite genomes were ampli¢ed in greater than 1kb fragments and were sequenced manually in both directions with a greater than 99% overlap with nested p rimers. Ampli¢cations of the moa genes were performed sep arately to minimize the risk of contamination and targeted smaller segments, typically 350^500 bp in length. The ampli¢ed segments were designed to overlap by 200^300 bp to con¢rm sequences from separate ampli¢cations and, thus, identify any fragments that could potentially have non-mitochondrial origins. A total of 180 primers (available on request from the authors) were used to amplify and sequence the genomes. Sequencing reactions were performed with ThermoSequenase kits (Amersham Pharmacia, Quebec, Canada).
To further guard against nuclear cop ies of mitochondrial sequences (numts) we scrutinized autoradiograp hs for evidence of multiple bands indicating more than one sequence; translated the sequences of protein-coding genes to con¢rm that the reading frames were free of indels that were not a multiple of three nucleotides; examined the pattern of substitution at codon p ositions to ensure that it followed the expected pattern of decrease from third to ¢rst to second positions; mapped the rRNA and tRNA genes onto secondary structure models; and checked for any substitutions that would be incompatible with the predicted structures. The degradation of DNA in sub-fossil moa bones means that the recovery of low-copy numts, as shown by the inability to recover single-copy nuclear genes (see Coop er 1997) is far less likely than the recovery of high-copy mtDNA genes in these extinct birds.
Ampli¢cation and sequencing of half the E. crassus genome and one-third of the A. didiformis genome were rep eated for indep endent con¢rmation at the Dep artment of Ornithology of the American Museum of Natural History. The sequences were read on an ABI 377 automated sequencer (Applied Biosystems, Foster City, CA, USA). The complete mitochondrial genomes have been dep osited at GenBank with the following accession numbers: ostrich (S. camelus) AF338715; emu (D. novaehollandiae) AF338711; southern cassowary (C. casuarius) AF338713; lesser rhea (P. pennata) AF338709; great sp otted kiwi (A. haasti) AF338708; two extinct sp ecies of moas, A. didiformis AF338714 and E. crassus AF338712; the elegant crested tinamou (E. elegans) AF338710; and the great tinamou (T. major) AF338707.
The protein-coding genes were aligned at the amino-acid level using the p rogram Clustal X (Thompson et al. 1997 ). The rRNA and tRNA genes were aligned using models of secondary structure (Kumazawa & Nishida 1993; De Rijk et al. 2000) . Regions of gene overlap, indels and nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit 6 (ND6), which is encoded on the opposite strand to the other p rotein-coding genes, were excluded from all analyses. This resulted in a concatenated data set of 13 535 bp comp rised 10 689 bp of protein-coding genes, 2095 bp of rRNA genes and 751bp of tRNA genes. Phylogenetic analyses were performed on the sequences of the nine taxa sequenced here along with those from the greater rhea (Rhea americana) (HÌrlid et al. 1998) , the chicken (Gallus gallus) (Desjardins & Morais 1990) , the redhead duck (Aythya americana) (Mindell et al. 1999) , the alligator (Alligator mississippiensis) and the African sidenecked turtle (Pelomedusa subrufa) (Zardoya & Meyer 1999) . The concatenated data sets, as well as p rotein-coding and rRNA genes separately, were examined. Data sets containing proteincoding genes were analysed with and without third codon p ositions. Tests of stationarity across sequences were p erformed using the program PUZZLE v. 4.0 (Strimmer & Von Haeseler 1996) on all sites, on ¢rst and second codon positions and on the variable sites only. Symmetrical directional mutation pressure was estimated for the protein-coding genes using the program DMP v. 2.0 ( Jermiin et al. 1996) , which examines the G ‡ C content at synonymous and non-synonymous sites.
Phylogenetic analyses were carried out using neighbourjoining with log-determinant distances (Lockhart et al. 1994) and with the removal of a prop ortion of the invariant sites as implemented in the program PAUP * v. 4.0b4 (Swo¡ord 1998) . For analyses using maximum likelihood, likelihood scores for all of the prop osed ratite phylogenies (Cracraft 1974; Prager et al. 1976; Sibley & Ahlquist 1981 Bledsoe 1988; Cooper et al. 1992; Van Tuinen et al. 1998) were examined, along with all the other p ossible trees within a constrained ratite tree space: [(tinamous), ((moas), (rheas), ostrich, kiwi, (emu, cassowary))]. Maximum-likelihood analyses were p erformed with non-homogenous models of substitution and a correction for rate variation between sites using the programs NHML (Galtier et al. 2000) and PAML v. 3.0c (Yang & Roberts 1995; Yang 2000) .
Rate constancy across taxa was violated for the bird sequences, so we employed a non-parametric rate smoothing process that relies on evolutionary rates being autocorrelated in time and minimizes ancestor^descendant local rate changes, using the program r8s (Sanderson 1997) . The top ology and branch lengths of the maximum-likelihood tree were speci¢ed as the user tree. The nodes were calibrated internally using the fossil Emuarius gidju from Australia, which dates back to the late Oligocene, 25 million years (Myr) ago. This sp ecies, while appearing close to the common ancestor of the emu and the cassowaries, was clearly on the lineage leading to the emu and was included in the subfamily Dromaiinae (Boles 1992) . As this fossil p ost-dates the divergence between the emu and the cassowaries, we added an estimate of 10 Myr, so that their common ancestor was dated at 35 Myr.
RESULTS

(a) Genome characteristics
The mtDNA genomes of the palaeognathous birds are similar in size (ca. 16 700 bp) to other avian mtDNA genomes sequenced to date (Desjardins & Morais 1990; HÌrlid et al. 1997 HÌrlid et al. , 1998 Mindell et al. 1999) . We compared the ostrich genome sequence we obtained to other published ostrich mtDNA sequences and found that our sequence was virtually identical to the 10 400 bp sequence of Mindell et al. (1999) (99.96%) and the complete sequence of HÌrlid et al. (1997) (99.69%). The lesser-rhea genome had 93.3% sequence identity with the greaterrhea sequence in HÌrlid et al. (1998) . The 12S rRNA sequences we obtained for the two moas were identical to those published over the 390 bp obtained for the same taxa by Cooper et al. (1992) . All of the ratites and the great tinamou had the same gene order as the chicken (Desjardins & Morais 1990) . The elegant crested tinamous, however, had a di¡erent gene order, with ND6 having moved from in front of the control region to behind it. Similar rearrangements have been described in other avian species (Mindell et al. 1998a; Bensch & HÌrlid 2000) representing a wide sampling of groups. As these species do not share a direct common ancestry, the rearrangement has been assumed to have arisen independently on multiple occasions. The presence of an`extra' nucleotide 174 bases in from the start of gene ND3 was found in all nine of the genomes, as in many other avian genomes (HÌrlid et al. 1997 (HÌrlid et al. , 1998 Mindell et al. 1998b ). This extra base would be expected to produce a truncated protein product for this gene but is presumed not to be translated (Mindell et al. 1998b) .
Examination of the mtDNA genomes sequenced here revealed signi¢cant variation (p 5 0.05) in nucleotide composition, both among ratites and between most of the ratites and the Galloanserae outgroup (chicken and redhead duck). This was most evident in the proteincoding genes, where the rheas, chicken and redhead duck were shown to be experiencing symmetrical directional mutation pressure driving them towards greater G ‡ C content, while the other extant ratites and the tinamous were being driven toward greater A ‡ Tcontent (table 1).
(b) Phylogenetic analysis
Most methods of phylogenetic reconstruction assume a stationary Markov process of nucleotide substitution, with the nucleotide frequencies remaining constant across sequences. Non-stationarity can bias tree construction methods and result in erroneous tree topologies (Lockhart et al. 1994; Foster & Hickey 1999; Galtier et al. 2000) . Maximum parsimony and homogeneous maximum likelihood either placed the tinamous within the ratite clade or, alternatively, had the G ‡ C-rich rheas at the base of the ratite tree. Each outcome could be the result of the rheas being attracted towards the neognath outgroups that also have a high G ‡ C content in their sequences. To correct for this comp ositional bias, we analysed the concatenated protein-coding rRNA and tRNA genes using the neighbour-joining method on logdeterminant distances and non-homogeneous models of evolution in maximum likelihood, which do not assume base-compositional stationarity. The resulting tree topology for ratites (¢gure 1) is well supported, with relatively high bootstrap values at all nodes except for that de¢ning whether the ostrich or the rheas are basal among extant ratites. Inclusion or exclusion of third ( Jermiin et al. 1996) , which examines the G ‡ C content at synonymous (P syn ) and non-synonymous (P non ) sites. · D less than 0.5 has greater A + T content and · D greater than 0.5 has greater G + C content.) (6) 5.3 ( § 1.6) ö ö kiwis (10) 62.4 ( § 7.0) ö ö rheas (7) 69.3 ( § 12.4) 35 South America between rheas (8) 13.7 ( § 3.2) ö ö ostrich (9) 65.3 ( § 6.9) 100 Africa emu (11) 35 (30^35) 55 Australia codon positions did not alter this tree topology. The ratite topology was also una¡ected by increased taxon sampling and choice of outgroup (non-avian, tinamous or Galloanserae). The moas form the basal lineage of the included ratites, whereas the great spotted kiwi is placed in a wellsupported and derived clade with the emu and the cassowary. Tinamous are sister to the ratites, which in turn are sister to the Galloanserae.
(c) Molecular dating of divergences
A noticeable feature of the non-homogeneous maximum-likelihood tree (¢gure 1) is that the branch lengths of the di¡erent lineages vary considerably. In particular, the tinamous and the Galloanserae have very long branch lengths while the moas, the emu and the cassowary have much shorter branch lengths. Thus, striking rate variation between lineages is apparent both among birds and within ratites. Rate constancy between lineages was rejected statistically; likelihood-ratio tests with and without a molecular clock were signi¢cant among all birds and among ratites (p 5 0.001). A method of dating is required that incorporates rate changes between taxa, so we used a non-parametric rate smoothing approach in the program r8s (Sanderson 1997) . The divergence dates for the avian taxa included in this study, along with estimates of the standard errors for these dates, are given in table 2 (see ¢gure 2). Within the major lineages of ratites, the two genera of moas had a recent common ancestry at 5.3 § 1.6 Myr, while the two rhea genera diverged 13.7 § 3.2 Myr ago. Divergences between the remaining lineages are correspondingly older; the great spotted kiwi diverged from the emu^cassowary lineage 62.4 § 7.0 Myr ago, while the ostrich, the rheas and the moas branched o¡ 65.3 § 6.9 Myr, 69.3 § 12.4 Myr and 78.9 § 14.8 Myr ago, respectively. Palaeognaths ¢rst diverged about 92.2 § 18.9 Myr ago, while the last Galloanserae common ancestor is dated at 85.4 § 16.9 Myr. The common ancestor of these groups was calculated to have lived 110.1 § 19.8 Myr ago.
DISCUSSION (a) Phylogenetic relationships between ratites
Our large data set of 13 535 bp con¢rms the placement of the kiwi as sister to the emu and the cassowary in a derived Australasian clade, as has been shown in other molecular studies (Sibley & Ahlquist 1990; Cooper et al. 1992; Cooper 1997; Lee et al. 1997 ) and a single morphological study (Bledsoe 1988) . However, this topology con£icts with two morphological studies (Cracraft 1974; Lee et al. 1997) that placed kiwis at the base of the ratite tree with the moas. Lee et al. (1997) attempted to reconcile these disparate topologies by arguing that the discrepancy was a result of improper rooting of the ratite molecular tree. This argument could only be posited because their molecular phylogeny lacked moa sequences. The inclusion of moas in our study yielded a tree that is congruent with Lee et al.'s (1997) molecular tree but cannot be rooted to be consistent with their morphological tree. Thus incorrect rooting is not the cause of this incongruence.
Another uncertainty in ratite systematics has been the placement of moas relative to the other ratites. Most phylogenetic studies that have included moas have relied exclusively on morphological characters due to the di¤culties in extracting organic macromolecules from sub-fossil remains. These studies placed the moas at the base of the ratite tree (Cracraft 1974; Bledsoe 1988; Lee et al. 1997) . The single molecular phylogeny that included moas (Cooper et al. 1992) was constructed from short (390 bp) 12S rRNA sequences, and found that rheas were basal among ratites with the moas branching o¡ next. Our analyses, in contrast, were based on the considerably larger data set from the mtDNA genome, and placed the moas as the basal lineage among ratites, in agreement with morphological studies. This conclusion was also supported by separate analyses of both the protein-coding and the rRNA genes, and is thus represented robustly in di¡erent partitions of the mtDNA genomic sequences. The phylogenetic positions of the ostrich and the rheas have also been problematic. Three topologies have been proposed for their placement: the ostrich branched o¡ ¢rst (Sibley & Ahlquist 1990; Van Tuinen et al. 1998) ; the rheas branched o¡ ¢rst (Cooper et al. 1992; Cooper 1997; Lee et al. 1997) ; or the ostrich and the rheas form a clade near the base of the tree (Cracraft 1974; Sibley & Ahlquist 1990; Bledsoe 1988) . The tree topologies produced in our study, using the total concatenated data set, showed the rheas branching o¡ ¢rst among extant ratites but this was not strongly supported, as shown by the low bootstrap values (¢gure 1). Phylogenetic analyses using just the protein-coding or just the rRNA genes failed to resolve the branching order of the ostrich and the rheas but the tree with the highest bootstrap support (72%) for the rheas being basal was based on the rRNA genes alone. This ¢nding contradicts that of Van Tuinen et al. (1998) , who argued that the mitochondrial rRNA genes placed the ostrich basal while the protein-coding genes placed the rheas basal. The probable explanation for the di¡erences between the rRNA trees in Van Tuinen et al. (1998) and our study is the di¡erence in taxon sampling. The extremely short inter-nodal branch length between the ostrich and the rheas helps to explain why their relative positions in the ratite tree have been di¤cult to resolve.
(b) The vicariance biogeography hypothesis
The vicariance biogeography hypothesis proposes that the major lineages of ratites are descended from a £ight-less ancestor that was widespread in Gondwanaland. As the landmass fragmented, ancestral ratites rafted passively with their respective continental fragments to their current positions (Cracraft 1973 (Cracraft , 1974 . This hypothesis has been questioned by recent phylogenetic analyses that have placed kiwis in a far more derived position in the ratite tree than expected under vicariance (Sibley & Ahlquist 1981 Bledsoe 1988; Cooper et al. 1992; Cooper 1997; Lee et al. 1997) . This suggested that the divergence of kiwis may have occurred too recently for them to have been present when New Zealand separated from the rest of Gondwanaland 82 Myr ago (Cooper & Millener 1993; L. Lawver, personal communication) . Thus, their presence in New Zealand could have resulted from a secondary invasion, by swimming, island hopping or £ight, after the landmass had rafted away (Cooper et al. 1992) . The discovery of volant birds with archaic palates in North America and Europe dating from ca. 50^60 Myr ago (Houde 1986) suggests that £ightlessness may have arisen independently among the ratite lineages and that kiwis may have £own to New Zealand.
To estimate divergence dates across taxa, a calibration point, usually from the fossil record, is required. HÌrlid et al. (1998) estimated the divergence date between the ostrich and the greater rhea at 51 § 5 Myr ago using an avian^crocodilian split of 254 Myr. Birds are known to have slower rates of molecular evolution than other tetrapods (Prager et al. 1974; Britten 1986; Mindell et al. 1996; Stanley & Harrison 1999) . HÌrlid et al.'s (1998) clock calculation assumed that any slowdown in the avian rate of evolution occurred at the p oint of divergence between birds and crocodilians. If the slowdown occurred gradually, or further along the lineage leading to birds, then the ostrich^rhea divergence date would be underestimated. A better calibration date would be within the ratites, such as the date of the emu^cassowary common ancestor. The dates derived using non-parametric rate smoothing are more appropriate for our sequences than assuming a molecular clock because there is clear variation in the rates of evolution between taxa.
Our estimate of 62.4 § 7.0 Myr for the divergence date of the kiwi lineage from the Australian ratites suggests that kiwis were not present when New Zealand separated from the rest of Gondwanaland, and therefore that they probably invaded secondarily. A land bridge via the Lord Howe Rise between New Zealand and Australia may have permitted faunal interchange until as recently as 75 Myr ago (Cooper & Millener 1993; L. Lawver, personal communication) . This date is very close to the limit of our calculated divergence date for the kiwis, suggesting that a secondary invasion of New Zealand may not have required the kiwis to be volant. The divergence date of the moas, at 78.9 § 14.8 Myr ago, is consistent with the separation of New Zealand from Australia. The common ancestor of the emu and the cassowaries diverged from the rest of the ratites before Australia separated from Antarctica 55 Myr ago (Ocean Drilling Program 2000) . However, the divergence of the ostrich at 65.3 § 6.9 Myr ago cannot be reconciled with the separation of Africa from South America about 100 Myr ago (Smith et al. 1994) . Van Tuinen et al. (1998) recognized this and proposed that some dispersal between South America and Africa through the Northern Hemisphere must have occurred. This hypothesis is supported by the presence of an ostrich-like ratite in middle-Eocene Europe (Houde 1987 ). An alternative scenario, also involving vicariance and dispersal, is possible via the proposed land bridge linking Antarctica, India and Madagascar (Hay et al. 1999) . The existence of this land link is supported by the pan-Gondwanan distribution of several Late-Cretaceous terrestrial faunas (Krause et al. 1997; Sampson et al. 1998) . The common ancestor of the extinct Malagasy elephant birds (Aepyornithidae) and the ostrich may have become isolated on Madagascar and India when the land bridge to Antarctica was submerged. This occurred close to the time calculated for the divergence of the ostrich and, thus, a vicariant origin for this lineage cannot be excluded. This ancestral stock could have invaded Africa from Madagascar and then spread to Europe, Arabia, India and Asia. The sequencing of an elephant-bird mitochondrial genome should provide additional insights into which of these scenarios is most likely, by establishing its phylogenetic placement among the other ratites and its divergence date from the ostrich. Ancient DNA techniques could provide the critical evidence in resolving these ¢nal parts of an evolutionary puzzle that has mysti¢ed biologists for over a century. 
